Purpose We evaluated the prognostic value of pretreatment 18 F-fluorodeoxyglucose positron emission tomography with computed tomography (FDG PET/CT) in patients with Barcelona Clinic Liver Cancer (BCLC) stage 0 or A hepatocellular carcinoma (HCC) who had received curative treatment or transarterial chemoembolization (TACE). Methods Between 2009 and 2010, 317 patients diagnosed with HCC at seven hospitals were enrolled. Among these, 195 patients underwent curative treatments including resection, liver transplantation, and radiofrequency ablation. TACE was performed in 122 patients. The tumor-to-normal liver standardized uptake value ratio (TLR) of the primary tumor was measured using pretreatment FDG PET/CT. The prognostic significance of TLR and other clinical variables was assessed using Cox regression models. Differences in the overall survival (OS) associated with TLR or other significant clinical factors were examined using the Kaplan-Meier method.
Introduction
Staging systems in hepatocellular carcinoma (HCC) use variables related to tumor stage, liver function, and overall health status of patients. The Barcelona Clinic Liver Cancer (BCLC) system is an algorithmic approach for selecting the best treatment and predicting clinical outcomes in patients with HCC. Patients are classified into five categories: very early (stage 0), early (stage A), intermediate (stage B), advanced (stage C), and terminal (stage D). The staging system is an excellent tool for selecting early-stage patients who could benefit from curative treatment [1] .
Surgical resection, liver transplantation, and local ablative therapy are available curative treatment options for patients with HCC diagnosed with BCLC stage 0 or A. However, some patients with early-stage HCC cannot undergo surgical resection or ablation therapy because of an unsuitable location of the lesion or impaired liver function. In these cases, transarterial chemoembolization (TACE) is an effective and alternative treatment option, with favorable long-term survival rates [2, 3] . 18 F-fluorodeoxyglucose positron emission tomography with computed tomography (FDG PET/CT), a molecular imaging tool, has been found useful for patients with malignancy in accurately assessing various clinical indications such as staging or restaging, therapy response, and prognostication. In patients with HCC, the degree of primary tumor FDG uptake observed on PET/CT varies widely [4] . Although larger tumors have a tendency to show positive FDG uptake, more than half of tumors 2-5 cm in diameter are observed as non-FDG-avid on PET/CT [5] . Previous studies have shown an association between tumor FDG uptake and aggressive biological characteristics and increased risk of recurrence following liver transplantation or surgical resection [6] [7] [8] [9] [10] [11] [12] . Therefore, rather than considering it a limitation of FDG PET/CT in tumor detection, the degree of FDG uptake in primary tumors can be seen as a potential new biological tumor factor associated with prognosis independent of tumor size. Because of the low sensitivity of FDG PET/CT, however, there are few studies on the prognostic value of FDG PET/CT in patients with early-stage HCC. The aim of this multicenter retrospective cohort study was to evaluate the role of tumor FDG uptake on PET/CT in predicting the prognosis of patients with BCLC stage 0/A HCC.
Materials and methods

Patients
We reviewed the medical records of 847 patients with newly diagnosed HCC and pretreatment FDG PET/CT at seven university hospitals from January 2009 to December 2010. Of these 847 patients, 317 were included in the study, according to following criteria: 1) diagnosis of HCC by pathology or diagnostic criteria of the American Association for the Study of Liver Diseases guidelines, 2) no prior treatment, 3) BCLC stage 0 or A, and 4) no evidence of extrahepatic metastasis or unexpected second malignancy at staging workup.
All clinical data of the enrolled patients were collected and managed using electronic case report forms provided by the Internet-based Clinical Research and Trial Management System (iCReaT) of the Korean National Institute of Health. Pathologic characteristics of the tumors were obtained from surgical pathology reports.
The institutional review boards of the seven participating university hospitals (Dongsan Medical Center, Incheon St. Mary's Hospital, Kyung Hee University Hospital, Samsung Medical Center, Seoul St. Mary's Hospital, Uijeongbu St. Mary's Hospital, and Yonsei University Health System) approved this retrospective multicenter cohort study, and the requirement to obtain informed consent was waived. 16 . In all institutions, the PET/CT was performed from the cerebellum to the proximal thighs, 60 min after intravenous injection of FDG. First, a CT transmission scan was performed without contrast enhancement. Immediately following CT, an emission scan was performed in 3D mode. PET images were reconstructed by an iterative reconstruction algorithm using CT images for attenuation correction.
FDG PET/CT procedures
Image analysis of FDG PET/CT
All FDG PET/CT and contrast-enhanced CT or magnetic resonance (MR) imaging data were transferred to the image archive server (National Cancer Center, Korea) using the Digital Imaging and Communications in Medicine (DICOM) format. All images were centrally reviewed by two board-certified nuclear medicine physicians using commercially available imaging software (MIM 6.4; MIM software Inc., Cleveland, OH, USA). For semi-quantitative analysis, maximum standardized uptake value (SUVmax) in the primary tumor was measured using a spherical volume of interest (VOI) over the primary tumor volume. In case of non-FDG-avid tumors, the location and extent of the primary tumor on PET/CT images was determined by correlation with contrast-enhanced CT or MR images. In patients with multiple HCC lesions, only the one showing the highest SUVmax was included for analysis. The mean SUV of the normal liver was obtained by taking the average of the three VOIs (two in the right lobe and one in the left lobe) 1 cm in diameter, placed at a location where HCC was not detected on liver CT or MRI. Precautions were taken when placing the VOIs to avoid beam-hardening artifacts, focal changes of fatty liver or fatty sparing, major vessels, bile ducts, and liver surface margins. The tumor-to-normal liver SUV ratio (TLR) was calculated with the following equation: TLR = maximum SUV of the tumor/mean SUV of the normal liver. Discrepancies between readers were resolved by consensus.
Statistical analyses
Overall survival (OS) was the primary endpoint and was measured from the date of PET/CT imaging to the date of death from any cause or the date of the last clinical follow-up. Recurrence-free survival (RFS) was defined as the time from initial curative treatment to the date of first tumor recurrence or the last clinical follow-up. Variables for survival analyses included age at diagnosis, sex, tumor size, number of tumor nodules, the Model for End-Stage Liver Disease (MELD) score, serum albumin and serum alpha-fetoprotein levels, and TLR.
The MELD score as a measure of liver disease severity was calculated using data from the initial assessment of HCC, which was based on serum creatinine and serum total bilirubin levels, and the international normalized ratio (INR) of prothrombin time [13] . We used the largest tumor diameter measured on contrast-enhanced CT or MR images as a surrogate for tumor size.
Patients were divided into two cohorts according to curative or non-curative initial treatment modality. Differences in clinical characteristics between the two groups were tested using the chi-square test (categorical variables) or the Mann-Whitney U test (continuous variables). A multivariate Cox proportional hazards model was used to assess the potential independent effects of the prognostic variables after adjusting for other risk factors. We also performed an internal validation by a bootstrap method, using 1000 bootstrap replications. Survival curves were estimated using the KaplanMeier method, and differences between subgroups were compared with the log-rank test. For comparison of survival curves, the continuous variables were stratified using optimal cutoffs derived from maximally selected rank statistics [14] . Data were analyzed using the open source statistical software R version 3.2.0 (http://www.R-project.org) and IBM SPSS version 20.0 (IBM Corp., Armonk, NY, USA). The R package 'maxstat' was used for the maximally selected rank statistics. All tests were two-sided, and P values < 0.05 were considered statistically significant.
Results
Clinical characteristics of patients according to initial treatment
The patient clinical characteristics are summarized in Table 1 . The curative cohort included 195 patients who underwent curative therapy including surgical resection (n = 145, 45.7 %), liver transplantation (n = 15, 4.7 %), and radiofrequency ablation (n = 35, 11 %) as an initial treatment option. The TACE cohort included 122 patients treated by TACE (n = 122, 38.5 %). Patients who underwent TACE had significantly shorter survival than those who underwent curative treatment (5-year survival rate, 54.2 % vs. 77.0 %; P < 0.001; Fig. 1 ). Liver disease severity as measured by the levels of total bilirubin, INR, and albumin, and MELD score was significantly different between the two treatment cohorts. The number of tumor nodules in the TACE cohort was slightly greater than that in the curative cohort. There were no significant differences in TLR, tumor size, and the other clinical variables ( Table 1 ). The median TLR was 1.5 (range, 0.9 to 7.6), and the median MELD score was 7.8 (range, 6.4 to 27.7) for the entire cohort.
Univariable and multivariable survival analyses
Over a median follow-up of 46 months, 156 patients (49.2 %) showed tumor recurrence or progression, and 77 patients (24.3 %) died from cancer. In univariable Cox regression analyses, TLR and tumor size were significant predictors of OS for the curative cohort, whereas albumin levels and MELD score were significant predictors of OS for the TACE cohort (Table 2 ). In the curative cohort, a higher TLR (≥2) was significantly associated with poor OS (hazard ratio [HR] = 2.68; 95 % CI, 1.16-6.15; P = 0.020) after adjusting for potential prognostic variables (Table 3 ). In addition, each doubling of TLR (one unit increase on the log 2 scale) was associated with a 2.25-fold increase in the risk of death (HR = 2.25; 95 % CI, 1.13-4.47; P = 0.021; Table S1 ). Tumor size was an additional prognostic factor in multivariable analysis using continuous variables (Table S1 ). In the TACE cohort, a higher MELD score (≥8; HR = 3.34; 95 % CI, 1.49-7.48; P = 0.003) was a significant independent prognostic factor for OS, whereas TLR and tumor size were not significant predictors of OS (Table 3, S1). Albumin level was an additional prognostic factor in multivariable analyses using continuous variables (Table S1 ). The validation cohort confirmed the prognostic performance of TLR for the curative cohort (HR = 2.77; 95 % CI, 1.22-6.28; P = 0.015) and MELD score for the TACE cohort (HR = 3.38; 95 % CI, 1.52-7.51; P = 0.003; Table S2 ).
Kaplan-Meier analyses according to TLR and MELD score
Kaplan-Meier analyses of the curative cohort stratified by TLR demonstrated worse OS in patients with a higher TLR (≥2) than those with a lower TLR (5-year survival rate, 61.6 % vs. 79.4 %; P = 0.006; Fig. 2a ). In the TACE cohort, there was no survival difference according to TLR (Fig. 3a) .
In the TACE cohort, OS was significantly improved in patients with lower MELD scores (Fig. 3b) . Patients with higher MELD scores (≥8) had poorer OS than patients with lower MELD scores (5-year survival rate, 33.1 % vs. 79.6 %; P < 0.001). In the curative cohort, there was no survival difference according to MELD score (Fig. 2b) .
Recurrence-free survival in patients with curative resection
We performed a subgroup analysis for the patients with BCLC stage 0/A HCC undergoing curative resection (n = 145) to examine the correlation between TLR and tumor recurrence. Over a median follow-up of 44 months, 49 patients (33.8 %) experienced intrahepatic recurrence (n = 37) or extrahepatic metastases (n = 12), and 24 patients (16.6 %) died from cancer. The Cox regression analysis for these patients showed that a higher TLR (≥2) was a significant prognostic factor for RFS (HR = 2.28; 95 % CI, 1.15-4.52; P = 0.018) after adjusting for potential prognostic variables (Table 4) .
Discussion
Curative treatments such as surgical resection, liver transplantation, and local ablative therapy are available for patients with HCC diagnosed as BCLC stage 0 or A. Median survival of 70-90 % is seen at 5 years after curative treatment in BCLC stage 0 and 50-70 % in BCLC stage A. Despite the excellent prognosis, the aggressive behavior of some tumors leads to early recurrence [15] . Consensus is lacking regarding appropriate ways to individualize adjuvant treatment such as immune-based or molecular-targeted drug therapy in this group of patients [1] , as well as regarding methods of identifying significant tumor-or liver function-related factors associated with prognosis. Liver function-related factors such as portal vein hypertension, bilirubin levels, and Child-Pugh class are considered prognostic in patients with HCC [1] . With preserved liver function, tumor-related factors such as tumor size become important prognostic indicators [1, 16] . In this study, we evaluated the prognostic role of FDG uptake in patients with early-stage HCC. In the curative cohort, high TLR ≥ 2 on pretreatment FDG PET/CT was observed as an independent poor prognostic indicator for RFS, with a 2.3-fold increase in the risk of recurrence, and for OS, with a 2.7-fold increase in the [17] [18] [19] [20] , a recent study of 59 patients with HCC treated with TACE showed metabolic tumor volume, number of tumors, and tumor stage as prognostic factors, but did not show TLR as a prognostic factor [21] . In patients with HCC treated by TACE, the prognostic role of tumor FDG uptake on PET/CT is controversial, and further validation with a higher level of evidence is needed. In this study, TACE was given to patients with early-stage HCC that could not be managed by curative treatment due to an unsuitable location of the lesion or impaired liver function. We found that MELD score was significantly associated with OS: patients with higher MELD scores (≥8) had poorer OS than patients with lower scores (5-year survival rate, 33.1 % vs. 79.6 %). Unlike the curative cohort, pretreatment TLR in the TACE cohort was not significantly associated with survival. Further studies are needed to investigate whether PET imaging biomarkers such as volume-based parameters rather than TLR would have prognostic value in this cohort.
TACE is most commonly used as primary treatment in patients with intermediate-stage HCC. Because of the strong cytotoxic and ischemic effects of TACE, preservation of liver function is a critical aspect in patient selection [1] . In this study, liver disease severity as measured by the levels of total bilirubin, INR, and albumin, and MELD score was significantly different between the curative and TACE cohorts, with the latter having more severe liver disease. The OS in patients with preserved liver function in the TACE cohort was comparable to those with low TLR < 2 in the curative cohort, suggesting that TACE may be an effective alternative treatment with favorable survival outcome in certain patients with very early-or early-stage HCC.
A major limitation of this study is its retrospective nature. Selection bias can occur due to treatmentdependent variables such as tumor size, location, multiplicity, and underlying liver function. However, it is the largest study to date in a multicenter setting, comprising 317 patients with BCLC stage 0/A HCC who had undergone pretreatment FDG PET/CT. There are several technical issues that may have caused inaccuracy in SUV measurement. Different PET/CT scanners and imaging protocols were used among the various hospitals; however, an FDG uptake period of 60 min was used in all institutions, and semi-quantitative analysis of the primary tumor was performed using the tumor-to-normal liver SUV ratio to reduce the problem of inter-institutional variability. Partial volume effects and respiratory motion correction are important in SUV measurement of small hepatic lesions. Unfortunately, this was not done, because there was no widely accepted solution at the time of the study. In this study, the tumor FDG avidity was measured by SUVmax, which might not have reflected the true disease activity in the entire lesion. Measurement of global tumor burden such as total lesion glycolysis or metabolic tumor volume would be a more robust method, and further studies are needed to validate this hypothesis. Finally, routine 60-min imaging may be inadequate for accurate evaluation of HCC. With delayed imaging, the combination of increased activity in the tumor and decreased activity in the liver could have resulted in better contrast, especially in hepatic lesions [22] . 
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